Derivatives have become widely accepted as tools for hedging and risk-management, as well as speculation to some extent. A more recent trend has been gaining ground, namely, arbitrage in derivatives.
The volatility of financial markets has been the object of numerous developments and applications over the past two decades, both theoretically and empirically. Financial economists are increasingly concerned with modeling volatility in asset returns. Volatility modeling is important because volatility is considered a measure of risk, and investors want a premium for investing in risky assets. Banks and other financial institutions apply value-at-risk models to assess the risks. Modeling and forecasting volatility, or the covariance structure of asset returns, is therefore important.
Unfortunately, volatility is not an easy phenomenon to predict or forecast. One class of models that have proved successful in forecasting volatility in many situations is the GARCH family of models, introduced by Engle (1982) and Bollerslev (1986) . GARCH models are discrete time models that have been used to estimate a variety of financial time series such as stock returns, interest rates, and foreign exchange rates. The distinctive feature of GARCH models is their recognition that volatilities and correlations are not constant. During some periods, a particular volatility or correlation may be relatively low, whereas during other periods, it may be relatively high. The models attempt to keep track of the variations in the volatility or correlations through time. GARCH models build on advances in the understanding and modeling of volatility. The models take into account excess kurtosis, or fat-tail behavior, and volatility clustering, two important characteristics of financial time series. The models provide accurate forecasts of variances and covariances of asset returns through the ability to model time-varying conditional variances. GARCH models have been applied in diverse fields such as risk management, portfolio management and asset allocation, option pricing, and foreign exchange.
The GARCH (p, q) model is formulated as follows:  En la página 140, en el endnote 11, se debe remover el punto al final y reemplazar la ecuación con la siguiente: 
 En la página 94, se deben reemplazar todas las ecuaciones con las siguientes:
 En la página 95, se deben reemplazar todas las ecuaciones con las siguientes:
(1)
where p is the order of the GARCH (lagged volatility) terms, and q is the order of the ARCH (lagged squarederror) terms. In particular, the GARCH (1, 1) model is given by:
 En la página 140, en el endnote 11, se debe remover el punto al final y reemplazar la ecuación con la siguiente:
 En la página 93, se deben reemplazar todas las ecuaciones con las siguientes:
In the academic literature, the GARCH (1, 1) process is perceived as a realistic model for volatility. The forecast variance from the GARCH (1, 1) model can be interpreted as a weighted average of three different variance forecasts. The first is a constant variance that corresponds to the long-run average. The second is the forecast made in the previous period. The third is the new information not available when the previous forecast was made. This could be viewed as a variance forecast based on one period of information. The weights on the three forecasts determine how fast the variance changes with new information and reverts to its long-run mean.
Literature Review
The phenomenon of volatility clustering and its adverse implications on options pricing have been a source of concern in the options pricing literature. The Black-Scholes model (Black & Scholes, 1973; Merton, 1973) assumes constant volatility of the underlying process and leads to bias in options pricing, including underpricing for out-of-the-money options (Black, 1975; Gultekin, Rogalski, & Tinic, 1982) , low-volatility securities (Black & Scholes, 1972; Gultekin et al., 1982; Whaley, 1982) , and short-maturity options (Black, 1975; Whaley, 1982) , as well as U-shaped implied volatility curves in relation to exercise price (Rubinstein, 1985; Sheikh, 1991) . A sizeable literature exists that addresses the use of GARCH models in options pricing in order to overcome the limitations. The following is a partial overview of the literature. Engle and Mustafa (1992) used the GARCH process to study options and their implied conditional volatilities. They estimated the stock price volatility using a GARCH model, and they estimated the GARCH model implied by the option market using a generalized simulation minimization method from option price data. Duan (1995) introduced the GARCH option-pricing model, linking econometric models with the options pricing literature. Heston and Nandi (2000) proposed a closed-form solution for European options pricing in a GARCH model. In Heston and Nandi's model, current volatility is easily estimable from historical asset prices observed at discrete intervals. The model also allowed for correlation between returns of the spot asset and variance and admitted multiple lags in the dynamics of the GARCH process.
Much of the subsequent GARCH option model literature carried the Duan (1995) and Heston and Nandi (2000) frameworks. Duan, Ritchken, and Sun (2007) extended the standard GARCH option-valuation model to include jumps. Christoffersen and Jacobs (2004) compared a range of GARCH models using option prices and returns under the risk-neutral as well as the physical probability measure. They found that, in contrast with returns-based objective functions, options-based objective functions favor models that incorporate volatility clustering and leverage effect. Stentoft (2005) proposed some new simulation techniques using simple least squares regressions, using the LSM method of Longstaff and Schwartz (2001) , to price options that have the possibility of early exercise in a GARCH framework. Using an extensive Monte Carlo study, Stentoft (2005) explained some systematic pricing errors. Christoffersen, Heston, and Jacobs (2006) and Christoffersen, Jacobs, Ornthanalai, and Wang (2008) followed the Heston-Nandi procedure of inverting moment-generating functions.
More recently, Barone-Adesi, Engle, and Mancini (2008) proposed a method for pricing options based on GARCH models with filtered historical innovations. They used an incomplete market framework, allowing for different distributions of historical and pricing return dynamics, thus enhancing the model's flexibility to fit market option prices. The model was used to analyze S&P 500 index options; it outperformed other competing GARCH pricing models and ad hoc Black-Scholes models. Barone-Adesi, Engle, and Mancini suggested that, in accordance with their model, implied volatility smiles could be explained by asymmetric volatility and negative skewness of filtered historical innovations.
Thus, an extensive literature exists about the application of GARCH models to options pricing. Most of the literature has addressed theoretical issues, such as model development, estimation, and simulation. In the present study, the literature is extended by examining systematic bias in options pricing in emerging markets like India, where the possibility of thin trading exists.
Data and Methodology
The sample consisted of 41 stocks listed on NSE of India that have options actively traded on the NSE. The sample stocks were chosen from 14 sectors: aviation (Air Deccan and Jet Airways), auto and auto components (Amtek Auto, Hero Honda, and Maruti), banking and financial services (Allahabad Bank, Canara Bank, Corporation Bank, and Reliance Capital), capital goods (ABB, Aditya Birla Nuvo, and AIA Engineering), cement (ACC, Ambuja, and Shree Cement), chemicals (Chambal Fertilizers and Orchid Chemicals), FMCG (Colgate, Dabur, and Hindustan Unilever), IT (3i Infotech, CMC, Infosys Technologies, and Wipro), media (Adlabs, Zee Ltd., and Sun TV), oil and gas (Aban Lloyd, GAIL, and HPCL), pharmaceuticals (Cipla and Dr. Reddy's Ltd.), power (CESC, Reliance Energy, Suzlon, and Tata Power), textiles (Century Textiles, S Kumars, and Welspun Gujarat), and real estate (DLF and Unitech). The associated stock options traded on the NSE were all European-style options.
The data collected for the study consisted of the closing prices of the stocks in the period from January to December 2007 and the closing prices of the corresponding stock options in the period January to March 2008. The data were collected directly from the NSE website.
The objective of the present study is to analyze systematic bias in the pricing of options derivatives. In order to perform the analysis, a GARCH (1, 1) model was used to forecast underlying stock volatility based on historical closing stock price data for the period January to December 2007, and this forecasted volatility is used in the Black-Scholes model in order to determine whether the corresponding options are fairly priced.
The GARCH (1, 1) model is widely used in the financial econometrics literature to capture the characteristics of volatility (Bollerslev, 1986) . The GARCH (1, 1) model is expressed as follows:
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where r t represents daily return, and ε t represents the residual; the residuals follow a normal distribution with a mean of 0 and variance h t , conditional on the information set Ω t-1 available up to day t-1. The GARCH equation has three terms, ω, the long-run average volatility; 2 1  t  , the squared residual from the mean equation (the ARCH term), which provides information about where r t represents daily return, and ε t represents the residual; the residuals follow a normal distribution with a mean of 0 and variance h t , conditional on the information set Ω t-1 available up to day t-1. The GARCH equation has three terms, ω, the long-run average volatility; 2 1 − t ε , the squared residual from the mean equation (the ARCH term), which provides information about volatility clustering; and h t-1 , the last period's forecast variance (the GARCH term). To validate the GARCH (1, 1) model, the LM test was performed.
The Black-Scholes model is a model for pricing European call and put options, as follows:
and  En la página 94, se deben reemplazar todas las ecuaciones con las siguientes:
where S 0 is the initial stock price, X is the strike/exercise price, r is the risk-free rate, σ is the volatility, and τ is the time to expiration, with
and
For the analysis, the Black-Scholes model was used to price each stock option, with the initial price S 0 as the closing price of the stock on 31 December, 2007, and with the strike price X closest to this price, with an expiration period of three months (i.e., τ = 0.25). For each stock, the volatility forecast using the GARCH (1, 1) model was used as the Black-Scholes parameter σ. The risk-free rate was taken as 4.5% p.a. The BlackScholes model was used to compute implied volatilities, equating the call and put prices with the quoted call and put prices and solving for σ.
The analysis focused on two aspects: comparing projected volatility from the GARCH model with implied volatility from the Black-Scholes model, and comparing projected call and put prices as described above with quoted call and put prices. The differences were investigated against differences in capitalization and trading volume by categorizing the sample stocks in terms of capitalization as follows: low (less than Rs 25 billion), mid (between Rs 25 billion and Rs 100 billion), and high (greater than Rs 100 billion); and in terms of trading volume: low (less than 100 million traded units per year), moderate (between 100 million and 250 million units traded per year), and high (greater than 250 million units traded per year).
Analysis and Interpretation
The parameter estimates of the GARCH (1, 1) model for all the sample stocks are shown in Table 1 . The GARCH (1, 1) model was found to be significant for all the sample stocks. In addition, considerable evidence exists of persistence of volatility, ranging between 75% and 99%, and of long-run volatility, ranging between 1.9% and 5.9%.
The results of the volatility and pricing analysis of the sample stock options are shown in Table 2 and Table  3 , respectively. The implied volatility based on call prices is overestimated as compared to the projected volatility from the GARCH model for 73.2% of the sample stock options. Moreover, the implied volatility based on put prices is overestimated as compared to the projected volatility from the GARCH model for 87.8% of the sample stock options. In contrast, the call price is overvalued as compared to the projected call price based on the projected volatility from the GARCH model applied in the Black-Scholes model for 63.4% of the sample stock options. Finally, the put price is overvalued as compared to the projected put price based on the projected volatility from the GARCH model applied in the Black-Scholes model for 85.4% of the sample stock options.
The results of the paired-samples t-test for the implied volatilities (for both calls and puts) and the projected volatility (from the GARCH model) are shown in Table 4 . The mean implied volatilities (for both calls and puts) are significantly lower than the mean projected volatility. In addition, the implied volatility based on call prices is significantly lower than the implied volatility based on put prices.
The results of the paired-samples t-test for the quoted option prices and the projected option prices (based on the Black-Scholes model using GARCH volatilities) are shown in Table 5 . The mean call price is significantly higher than the mean projected call price, and the mean put price is significantly higher than the mean projected put price.
The results of the paired-samples t-test for the overpricing of call and put option prices (as compared to forecasts based on the Black-Scholes model using GARCH volatilities) are shown in Table 6 . The mean overpricing of call options is significantly lower than the mean overpricing of put options.
The results of the analysis of overestimation of volatility against market capitalization and trading volume are shown in Tables 7, 9 , and 10. There is generally a higher overestimation of volatility with higher market capitalization, and a higher overestimation of volatility for moderate trading volume. The differences between low, mid, and high capitalization and between low, moderate, and high trading volume are not statistically significant because of the small sample sizes.
The results of the analysis of overvaluation of option prices against market capitalization and trading volume are shown in Tables 8, 11 , and 12. There is generally a higher overvaluation of option prices with higher market capitalization and higher overvaluation of options prices with higher trading volume. In addition, overvaluation of put prices is much higher than the overvaluation of call prices, with higher capitalization and higher trading volumes. Again, the differences between low, mid, and high capitalization and between low, moderate, and high trading volume are not statistically significant because of the small sample sizes.
Discussion
Volatility permeates modern financial theories and decision-making processes. The GARCH family of models provides accurate measures and good forecasts of future volatility, which is critical for evaluation of option pricing. The results of the study indicate that the implied volatilities for both calls and puts are predominantly overestimated, as compared to the projected volatility, based on the GARCH model; and call and put option prices are predominantly overvalued as compared to the projected call and put options prices based on the Black-Scholes model with GARCH volatilities. Further, put options are overpriced in relation to call options, as compared to the forecasts based on the GARCH and Black-Scholes models. Overestimation of volatility and overvaluation of options prices increases with higher market capitalization and moderate/higher trading volume for the underlying stocks. The systematic bias could also be associated with thin trading, a characteristic of trading in options and more particularly stock options, in emerging markets like India. The possible connections require further investigation.
The observed discrepancies in the market make it necessary for investors to forecast volatility. Options are priced based on volatility, but a difference exists between the theoretical pricing of options and their actual pricing. To take advantage of such mispricing in the market, arbitrage can be implemented. If the projected call price were higher than the quoted call price, buying a call option would yield arbitrage, whereas if the projected call price were lower than the quoted call price, selling a call option would yield arbitrage. Likewise, for put options, if the projected put price were higher than the quoted put price, selling a put option would yield arbitrage, whereas if the projected put price were lower than the quoted put price, buying a put option would yield arbitrage.
Unfortunately, the results of the study are indicative rather than conclusive. The major limitations of the study are the relatively small sample size and the limited research period considered for the study. The research period has a particular drawback because of the global crisis towards the tail end of the period studied. In order to generalize the results of the study, similar analyses would need to be conducted for different periods and take into account the macroeconomic factors that might affect the pricing of options.
Through the study, understanding of option prices and systematic mispricing by exchanges is provided. Further research could assess the arbitrage profits for each of the stock-option strategies. Further investigation might also consider the estimation of the prices for index and currency options using the GARCH model as applied in the present study. 
